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We demonstrate experimentally the operation of a deterministic Josephson ratchet with tunable
asymmetry. The ratchet is based on a ϕ Josephson junction with a ferromagnetic barrier operating
in the underdamped regime. The system is probed also under the action of an additional dc current,
which acts as a counter force trying to stop the ratchet. Under these conditions the ratchet works
against the counter force, thus producing a non-zero output power. Finally, we estimate the efficiency
of the ϕ Josephson junction ratchet.
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I. INTRODUCTION
Ratchets or Brownian motors attracted a lot of inter-
est in the last decades [1–37]. Apart from answering
some fundamental questions, they can be immediately
employed for the extraction of work out of nonequilib-
rium thermal fluctuations, for rectification of determin-
istic signals, or for particle separation [1–4]. Apart from
the ratchets existing in nature [5], there are plenty of
artificial ratchet implementations, in particular, based
on nanostructured superconductors: Josephson vortex
ratchets [6–16], SQUID ratchets [17–23] and Abrikosov
vortex ratchets [24, 25].
A huge number of theoretical works [28–37] published
more than a decade ago, were devoted to a paradigmatic
system — a point-like particle moving in a 1D periodic
potential without reflection symmetry under the action
of a deterministic or random force with zero time aver-
age. To create such a system using a Josephson junction
(JJ), one recalls that the Josephson phase φ can be con-
sidered as the coordinate of a fictitious particle moving
in a 2pi-periodic Josephson potential energy profile U(φ).
The ratchet’s driving force is the bias current. However,
the Josephson potential U(φ) in most types of known
JJs is reflection symmetric and its shape is hardly con-
trollable. Thus, during many years there was no possibil-
ity to create a Josephson junction ratchet, which would
be as simple as the paradigmatic examples discussed in
the literature and check experimentally all the predic-
tions. Researchers, however, were able to demonstrate
more complex Josephson ratchets (with more than one JJ
or with extended JJ), such as asymmetric SQUID ratch-
ets [18–21] or Josephson vortex ratchets [7, 10, 14, 16].
The physics of such devices is more complicated and they
are not as reliable as the generic ratchet.
Current progress in JJs allows us to solve this long
standing problem. Recently, our group suggested [38]
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FIG. 1. (color online) Josephson energy U(ψ) tuned by an
applied magnetic field h. Note that at any h the U(ψ) profile
remains 2pi periodic.
and demonstrated [39] a ϕ JJ with a magnetic-field-
tunable Josephson energy profile. In particular, in the
case of short junctions, the Josephson energy can be writ-
ten in a simple analytical form as
U(ψ) = 1− cos(ψ) +
Γ0
4
[1− cos(2ψ)] + Γhh sin(ψ), (1)
where ψ = 〈φ(x)〉 is the average Josephson phase across
the JJ. The constants Γ0 < 0 and Γh are related to
the geometrical and electrical parameters of the JJ, and
h is the normalized magnetic field [38, 40]. For longer
JJs, the U(ψ) profile deviates from the analytical form
given by Eq. (1), but can be calculated numerically. In
any case, the following common behavior of the ϕ JJ
is observed: at zero magnetic field h = 0 the Joseph-
son energy U(ψ) is reflection symmetric (see Fig. 1); at
h 6= 0 it becomes asymmetric due to the presence of
both cos(2ψ) and sin(ψ) terms in Eq. (1). Thus, one is
able not only to construct a ratchet closely mimicking
the paradigmatic example, but also tune its asymmetry
during experiments by changing h, e.g., switch it on, off,
2reverse its sign, etc. This is an extremely useful feature
from a practical point of view as it allows to compare the
transport/rectification with and without asymmetry and
explore and optimize the ratchet performance by tuning
the asymmetry of U(ψ).
The paper is organized as follows. In Sec. II we de-
scribe the sample design and present the experimental re-
sults of the ratchet operation in the underdamped regime.
Sec. III concludes the paper.
II. EXPERIMENTAL RESULTS
We used superconductor-insulator-ferromagnet-
superconductor (SIFS) Josephson junctions that are
fabricated as Nb|Al-Al2O3|Ni0.6Cu0.4|Nb multilayers
[41, 42]. They consist of two segments: the first is
a 0 segment of length L0 with the thickness of the
ferromagnetic layer dF,0 and the critical current density
jc,0 > 0. The second is a pi segment of the length Lpi
with the thickness of the ferromagnetic layer dF,pi and
jc,pi < 0. Such a JJ as a whole behaves [38, 40] as a ϕ JJ
with the average phase ψ = 〈φ(x)〉 and the Josephson
energy U(ψ) qualitatively similar to the one given by
Eq. (1). The exact U(ψ) profile can be calculated only
numerically [39]. In any case it is important that at
bias current I = 0 and magnetic field h = 0, U(ψ) is a
reflection symmetric 2pi periodic double well potential
with the minima of the wells at ψ = ±ϕ + 2pin, see
Fig. 1. At h = 0 the wells are degenerate, while for
h 6= 0 the degeneracy is removed [38–40].
As demonstrated in our previous works [39, 43] a
typical property of a ϕ JJ is to have two critical cur-
rent branches, denoted here as I+c,L(H) and I
+
c,R(H),
measured for increasing[44] (superscript “+”) bias cur-
rent and two branches denoted as I−c,L(H) and I
−
c,R(H)
for decreasing[44] (superscript “−”) bias current, see
Fig. 2(a). These two currents correspond to the escape
of the phase out of the left “L” and the right “R” wells
of U(ψ), see Fig. 1. The smaller (by amplitude) of the
two critical currents (at a given H) can be observed only
for low enough damping. For higher damping, upon the
escape from, e.g., the L-well, the phase can be retrapped
in the R-well. Consequently one will observe I+c,R when
the phase will later on escape from the R-well instead
of I+c,L. In general, the damping in SIFS JJs is strongly
temperature dependent and reduces for lower tempera-
tures [45]. For our samples we estimated T = 3.60K
as the crossover temperature between the high and low
damping regime (in a sense of observing both Ic,LR’s).
Our measurements were performed in a 3He cryostat,
equipped with a multi-layer magnetic shielding. All elec-
trical connections (wires) going to/from the sample have
been filtered both at room-temperature and at cryogenic
temperatures. The magnetic field was applied by a coil
with µ0H = η · Icoil with coil factor η ∼ 5µT/mA.
The dependence of the critical current Ic on the exter-
nally applied magnetic field H at T = 1.70K is shown in
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FIG. 2. (Color online) (a) Ic(H) curve at T = 1.70K. Vertical
lines in (a) correspond to the values of µ0H , for which different
rectification curves V (Iac) in (b) are measured.
Fig. 2(a). The existence of two critical current branches
I±c,L and I
±
c,R as well as the crossing of the branches, typ-
ical of a ϕ JJ, is observed. Two Ic’s are well visible for
−37µT . µ0H . −7µT and 18µT . µ0H . 44µT.
However, for −7µT . µ0H . 18µT for this particular
JJ and T , the I+c,L and I
−
c,R branches are semi-stable (do
not always appear), which is indicated by the dots con-
tinuing these branches, see Fig. 2(a). The traceability of
the lower (by absolute value) Ic(H) branches in experi-
ment also depends on the bias current sweep sequence,
i.e., depends on the well, L or R, in which the phase is
trapped initially. The sweep sequences are rather differ-
ent for measurements of Ic(H) and rectification curves,
see Figs. 2(b) and 3(b). By applying a magnetic field
one can change the asymmetry between the wells of the
Josephson potential energy U(ψ) and create an asymmet-
ric periodic potential required for a ratchet operation, cf.
Fig. 1.
Here we present the results obtained in the under-
3damped regime at T = 1.70K, where the rectification
operation is strong and rectification curves V (Iac) ap-
pear free from extra structures due to the presence of
(half-integer zero field) steps on the current-voltage char-
acteristics (IVCs) (see the steps, e.g., in Fig.4 of Ref. 39).
In our experiment we measure the rectification curves
V (Iac), i.e., the average voltage vs. the amplitude of
applied ac current. For this we apply a periodic bias cur-
rent I(t) = Iac sin(2pift) with the frequency f = 10Hz
and the update rate of 10000 pts/s (period T = 100ms,
1000 pts/period) and we measure the voltage 1000 times
with the sampling rate 10000 samples/second, i.e., ex-
actly during one period, starting at an arbitrary moment
of time defined by delays in hardware and software. Then
the collected samples are averaged to obtain V at given
Iac. The sign of V indicates the direction of motion of
the phase in the Josephson potential. In the following we
discuss the case of V > 0, i.e., I+c < |I
−
c |, where I
+
c or
I−c mean the relevant, L or R, I
±
c (H) branch, see below
for details. The opposite situation (V < 0) is similar.
For small Iac the current is so small, that it does not
exceed I+c , so that the phase remains pinned in the well
and V = 0. If Iac becomes larger, i.e. I
+
c < Iac < |I
−
c |,
the voltage becomes V 6= 0, because for Iac > I
+
c the
JJ jumps to the resistive branch. In the underdamped
regime, due to the hysteresis on the IVC, the voltage V
jumps to a finite value at the beginning of the rectifi-
cation region. Then for Iac > |I
−
c | the voltage V de-
creases because the junction also picks up some negative
voltage during the negative semiperiod. In Fig. 2(b),
the V (Iac) curves are shown for different values of the
magnetic field H , i.e. for different asymmetries of the
energy potential U(ψ). First, at µ0H = 0, the recti-
fication is absent (V =0), for any amplitude Iac of the
driving current I(t). In the absence of external field the
energy potential is reflection symmetric, therefore no rec-
tification is expected. As soon as the field is applied to
the JJ, the reflection symmetry of the potential is bro-
ken and unidirectional motion of the phase occurs, see
Fig. 2(b). The width of the rectification window changes
with the applied magnetic field, reflecting the change in
the asymmetry of the energy potential and, therefore,
I±c . For |µ0H | < 10µT we see rather narrow rectifi-
cation windows due to the small difference in I+c,R(H)
and |I−c,L(H)|. For 10µT < |µ0H | < 40µT the I
+
c,L in-
stead of I+c,R comes into play. As a result the rectification
window increases substantially, see Fig. 2(b). For even
larger |µ0H | . 40µT the rectification window narrows
somewhat because the difference between |I+c,L and |I
−
c,L|
decreases, see Fig. 2(a).
Up to now the ratchet shows operation in the idle
regime (Idc = 0). We now apply an additional dc bias
current Idc (counter force) to the ratchet, which tries to
stop the ratchet or even move the phase in the direc-
tion opposite to the rectification direction. If the ratchet
is able to overcome the counter force Idc, it produces a
mean output power P out = IdcV < 0 (i.e. the work is
done by the ratchet on the current source). Furthermore
one can calculate the efficiency, given by η = −P out/P in,
where P in is the mean input power.
To demonstrate the operation of the ratchet against
the counter force, we have chosen the value of µ0H =
12.9µT, where the rectification window is largest.
Fig. 3(a) shows the IVC of the device for this value of H .
Here the relevant I+c ≡ I
+
c,L(H) and I
−
c ≡ I
−
c,L(H) < 0,
i.e., the pinning/depinning game takes place in the L-
well, which becomes deeper at H > 0, while the R-well
becomes more shallow and may even disappaer.
The stopping force Istop(Iac) is defined as the current
Idc at which V (within the rectification window in the
idle regime) vanishes or changes sign at a given Iac. We
measured many rectification curves V (Iac), each time
increasing the amplitude of the dc current. Since we
have a positive rectification, V > 0, the counter force
Idc < 0 should be negative. The results are shown in
Fig. 3(b). Starting from the curve with Idc = 0, one
can see that by increasing the absolute value of Idc the
rectification window narrows, indicating that the addi-
tional bias actually stops the ratchet at the regions where
the ratchet was not strong enough (edges of the idle
rectification window). Note that the shrinkage is sym-
metric relative to the center of the rectification window,
and this is due to the fact that the constant bias shifts
up all the currents of the IVC. From these measure-
ments we see that the at Ioffdc ≈ −307µA the rectifica-
tion window closes completely and the ratchet operation
stops fully. The theoretical value can be calculated us-
ing our parameters (see the caption of Fig. 3) as [46]
Ioffdc = (I
+
c − |I
−
c |)/2 = −304µA, which is a rather exact
coincidence with the experimental value. According to
the theory [46] the full-stop force Ioffdc depends only on
I+c and I
−
c but not on the shape of the IVC.
For given Idc, the maximum efficiency is always
reached at Iac = J
+
c ≡ I
+
c − Idc, i.e., in the beginning of
the rectification window and is given by [46]
ηmax =
−2Idc
[
Idc arccos
(
J+
r
J
+
c
)
+
√
J+c
2
− J+r
2
]
J+c
2
arccos
(
J
+
r
J
+
c
)
+
√
J+c
2
− J+r
2
(J+r + 2Idc)
,
(2)
where J+r = I
+
r − Idc, with I
+
r the return current from
the resistive branch.
Using Eq. (2) and our parameters (see the caption of
Fig. 3) we may plot the dependence ηmax(Idc) given by
Eq. (2). This dependence (not shown) smoothly grows
with |Idc|. The maximum value of |Idc| that makes sense
is Ioffdc measured and calculated above. At this Idc the
rectification window is about to close completely, but the
ratchet is the most efficient with ηmax = 48%. This is
a fairly good value, which is not much lower than the
maximum efficiency of ηmax = 60% observed in a spe-
cially designed vortex ratchet [16]. We stress here that
our ϕ JJ was not optimized or designed for operation as
a ratchet. It is one of two samples used in the original
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FIG. 3. (Color online) ϕ JJ at T = 1.70K and µ0H = 12.9µT. (a) Current-voltage characteristics and (b) rectification curves
for different amplitudes of the counter force Idc. In (a) I
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+
r ≈ 171µA and I
−
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experimental work on ϕ JJs [39].
III. CONCLUSIONS
Although there were many theoretical studies on ratch-
ets where the particle moves in an asymmetric peri-
odic potential, the practical implementation of a sim-
ple paradigmatic system using a Josephson junction was
missing, mainly, because the Josephson energy in con-
ventional junctions is reflection symmetric. Here we have
demonstrated that in ϕ Josephson junctions this symme-
try is broken and one can obtain rectification as a result
of directed transport of the phase. The advantage of this
system is that the asymmetry is tunable by a magnetic
field H , so that one can clearly see the (dis)appearance
of rectification as a function of H , as well as optimize its
operation. The maximum efficiency that can be obtained
with such a ratchet is rather high, considering that the
parameters of the investigated junction (e.g. the asym-
metry of the 0 and pi part) are not optimized for the
ratchet operation.
A ϕ JJ is only one example of constructing a system
with desired non-trivial Josepshon energy profile U(ψ).
Following this general approach, one can try to design
even more asymmetric ratchets that will provide a huge
rectification window and, consequently, have higher full-
stop current Ioffdc and higher efficiency η.
ACKNOWLEDGMENTS
R.M. gratefully acknowledges support by the Carl Zeiss
Stiftung. This work was supported by the Deutsche
Forschungsgemeinschaft (DFG) via Project No. GO-
1106/5, via project A5 within SFB/TRR-21, and by the
EU-FP6-COST action MP1201.
[1] P. Reimann, “Brownian motors: Noisy transport far from
equilibrium,” Phys. Rep. 361, 57 (2002).
[2] H. Linke, “Ratchets and brownian motors: Basics, exper-
iments and applications,” Appl. Phys. A 75, 167 (2002).
[3] P. Ha¨nggi, F. Marchesoni, and F. Nori, “Brownian mo-
tors,” Ann. Phys. 14, 51 (2005).
[4] P. Ha¨nggi and F. Marchesoni, “Artificial Brownian
motors: Controlling transport on the nanoscale,”
Rev. Mod. Phys. 81, 387 (2009).
[5] F. Ju¨licher, A. Ajdari, and J. Prost, “Modelling molec-
ular motors,” Rev. Mod. Phys. 69, 1269–1281 (1997).
[6] F. Falo, P. J. Mart´ınez, J. J. Mazo, and S. Cilla, “Ratchet
potential for fluxons in josephson-junction arrays,” Eu-
rophys. Lett. 45, 700 (1999).
[7] E. Tr´ıas, J. J. Mazo, F. Falo, and T. P. Orlando, “De-
pinning of kinks in a Josephson-junction ratchet array,”
Phys. Rev. E 61, 2257 (2000).
[8] E. Goldobin, A. Sterck, and D. Koelle, “Josephson vor-
tex in a ratchet potential: Theory,” Phys. Rev. E 63,
031111 (2001).
[9] G. Carapella, “Relativistic flux quantum in a field-
induced deterministic ratchet,” Phys. Rev. B 63, 054515
(2001).
[10] G. Carapella and G. Costabile, “Ratchet effect: Demon-
stration of a relativistic fluxon diode,” Phys. Rev. Lett.
87, 077002 (2001).
[11] G. Carapella, G. Costabile, N. Martucciello, M. Cirillo,
R. Latempa, A. Polcari, and G. Filatrella, “Experimen-
tal realization of a relativistic fluxon ratchet,” Physica C
382, 337 (2002).
[12] K. H. Lee, “Ratchet effect in an ac-current driven Joseph-
son junction array,” Appl. Phys. Lett. 83, 117 (2003).
5[13] A. V. Ustinov, C. Coqui, A. Kemp, Y. Zolotaryuk, and
M. Salerno, “Ratchetlike dynamics of fluxons in annu-
lar Josephson junctions driven by biharmonic microwave
fields,” Phys. Rev. Lett. 93, 087001 (2004).
[14] M. Beck, E. Goldobin, M. Neuhaus, M. Siegel, R. Kleiner,
and D. Koelle, “High-efficiency deterministic Josephson
vortex ratchet,” Phys. Rev. Lett. 95, 090603 (2005).
[15] H. B. Wang, B. Y. Zhu, C. Gu¨rlich, M. Ruoff, S. Kim,
T. Hatano, B. R. Zhao, Z. X. Zhao, E. Goldobin,
D. Koelle, and R. Kleiner, “Fast Josephson vor-
tex ratchet made of intrinsic Josephson junctions in
Bi2Sr2CaCu2O8,” Phys. Rev. B 80, 224507 (2009).
[16] M. Knufinke, K. Ilin, M. Siegel, D. Koelle, R. Kleiner,
and E. Goldobin, “Deterministic Josephson vortex
ratchet with a load,” Phys. Rev. E 85, 011122 (2012).
[17] S. Weiss, D. Koelle, J. Mu¨ller, R. Gross, and
K. Barthel, “Ratchet effect in dcSQUIDs,”
Europhys. Lett. 51, 499 (2000).
[18] A. Sterck, S. Weiss, and D. Koelle, “SQUID ratchets:
basics and experiments,” Appl. Phys. A 75, 253 (2002).
[19] A. Sterck, R. Kleiner, and D. Koelle,
“Three-junction SQUID rocking ratchet,”
Phys. Rev. Lett. 95, 177006 (2005).
[20] A. Sterck, D. Koelle, and R. Kleiner, “Rectification
in a stochastically driven three-Junction SQUID rocking
ratchet,” Phys. Rev. Lett. 103, 047001 (2009).
[21] J. Spiechowicz, P. Ha¨nggi, and J.  Luczka, “Josephson
junction ratchet: The impact of finite capacitances,”
Phys. Rev. B 90, 054520 (2014).
[22] J. Spiechowicz and J.  Luczka, “Josephson phase diffu-
sion in the superconducting quantum interference device
ratchet,” Chaos 25, 053110 (2015).
[23] J. Spiechowicz and J.  Luczka, “Efficiency of the SQUID
ratchet driven by external current,” New J. Phys. 17,
023054 (2015).
[24] J. E. Villegas, S. Savel’ev, F. Nori, E. M. Gonzalez, J. V.
Anguita, R. Garcia, and J. L. Vicent, “A superconduct-
ing reversible rectifier that controls the motion of mag-
netic flux quanta,” Science 302, 1188 (2003).
[25] S. Savel’ev and F. Nori, “Experimentally realizable de-
vices for controlling the motion of magnetic flux quanta
in anisotropic superconductors,” Nature Materials 1, 179
(2002).
[26] J. Spiechowicz, P. Ha¨nggi, and J.  Luczka, “Brownian
motors in the microscale domain: Enhancement of effi-
ciency by noise,” Phys. Rev. E 90, 032104 (2014).
[27] J. Spiechowicz and J.  Luczka, “Diffusion anomalies in
ac-driven Brownian ratchets,” Phys. Rev. E 91, 062104
(2015).
[28] M. O. Magnasco, “Forced thermal ratchets,”
Phys. Rev. Lett. 71, 1477 (1993).
[29] R. Bartussek, P. Ha¨nggi, and J. G. Kissner, “Periodically
rocked thermal ratchets,” Europhys. Lett. 28, 459 (1994).
[30] C. R. Doering, W. Horsthemke, and J. Rior-
dan, “Nonequilibrium fluctuation-induced transport,”
Phys. Rev. Lett. 72, 2984 (1994).
[31] P. Jung, J. G. Kissner, and P. Ha¨nggi, “Regular and
chatic transport in asymmetric periodic potentials: Iner-
tia ratchets,” Phys. Rev. Lett. 76, 3436 (1996).
[32] J. Kula, T. Czernik, and J.  Luczka, “Brownian
ratchets: Transport controlled by thermal noise,”
Phys. Rev. Lett. 80, 1377 (1998).
[33] A. Sarmiento and H. Larralde, “Deterministic transport
in ratchets,” Phys. Rev. E 59, 4878 (1999).
[34] M. Barbi and M. Salerno, “Phase locking effect and cur-
rent reversal in deterministic underdamped ratchets,”
Phys. Rev. E 62, 1988 (2000).
[35] J. L. Mateos, “Chaotic transport and current reversal in
deterministic ratchets,” Phys. Rev. Lett. 84, 258 (2000).
[36] M. Kostur and J.  Luczka, “Multiple current reversal in
brownian ratchets,” Phys. Rev. E 63, 21101 (2001).
[37] M. Borromeo, G. Costantini, and F. Marchesoni,
“Deterministic ratchets: Route to diffusive transport,”
Phys. Rev. E 65, 041110 (2002).
[38] E. Goldobin, D. Koelle, R. Kleiner, and R. G.
Mints, “Josephson junction with a magnetic-field tunable
ground state,” Phys. Rev. Lett. 107, 227001 (2011).
[39] H. Sickinger, A. Lipman, M. Weides, R. G. Mints,
H. Kohlstedt, D. Koelle, R. Kleiner, and E. Goldobin,
“Experimental evidence of a ϕ Josephson junction,”
Phys. Rev. Lett. 109, 107002 (2012).
[40] A. Lipman, R. G. Mints, R. Kleiner, D. Koelle, and
E. Goldobin, “Josephson junction with tunable current-
phase relation,” Phys. Rev. B 90, 184502 (2014).
[41] M. Weides, C. Schindler, and H. Kohlstedt,
“Low-Tc Josephson junctions with tailored barrier,”
J. Appl. Phys. 101, 063902 (2007).
[42] M. Weides, U. Peralagu, H. Kohlstedt, J. Pfeiffer,
M. Kemmler, C. Gu¨rlich, E. Goldobin, D. Koelle,
and R. Kleiner, “Critical current diffraction pattern
of SIFS Josephson junctions with a step-like F-layer,”
Supercond. Sci. Technol. 23, 095007 (2010).
[43] E. Goldobin, D. Koelle, R. Kleiner, and A. Buzdin,
“Josephson junctions with second harmonic in the
current-phase relation: Properties of ϕ junctions,” Phys.
Rev. B 76, 224523 (2007).
[44] Here increasing and decreasing is understood not by ab-
solute value. That is I+c,LR are measured when the bias
current is swept towards positive direction (increasing),
while I−c,LR are measured when the bias current is swept
towards negative direction direction (decreasing).
[45] J. Pfeiffer, M. Kemmler, D. Koelle, R. Kleiner,
E. Goldobin, M. Weides, A. K. Feofanov, J. Lisenfeld,
and A. V. Ustinov, “Static and dynamic properties of 0,
pi, and 0-pi ferromagnetic Josephson tunnel junctions,”
Phys. Rev. B 77, 214506 (2008).
[46] E. Goldobin, R. Menditto, D. Koelle, and R. Kleiner,
“Model I–V curves and figures of merit of under-
damped deterministic Josephson ratchets,” ArXiv e-
prints (2016), arXiv:1606.07371 [cond-mat.mes-hall].
